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ABSTRACT During its progression from the nasopharynx to other sterile and nonster-
ile niches of its human host, Streptococcus pneumoniae must cope with changes in
temperature. We hypothesized that the temperature adaptation is an important facet
of pneumococcal survival in the host. Here, we evaluated the effect of temperature on
pneumococcus and studied the role of glutamate dehydrogenase (GdhA) in thermal
adaptation associated with virulence and survival. Microarray analysis revealed a signif-
icant transcriptional response to changes in temperature, affecting the expression of
252 genes in total at 34°C and 40°C relative to at 37°C. One of the differentially regu-
lated genes was gdhA, which is upregulated at 40°C and downregulated at 34°C rela-
tive to 37°C. Deletion of gdhA attenuated the growth, cell size, biofilm formation, pH
survival, and biosynthesis of proteins associated with virulence in a temperature-de-
pendent manner. Moreover, deletion of gdhA stimulated formate production irrespec-
tive of temperature fluctuation. Finally, DgdhA grown at 40°C was less virulent than
other temperatures or the wild type at the same temperature in a Galleria mellonella
infection model, suggesting that GdhA is required for pneumococcal virulence at ele-
vated temperature.

KEYWORDS Streptococcus pneumoniae, GdhA, CcpA, transcriptional expression,
Galleria mellonella, temperature

S treptococcus pneumoniae (the pneumococcus) is responsible for life-threatening
diseases of high morbidity and mortality worldwide (1). The bacterium is a resident

of the human upper respiratory tract microbiota, and pneumococcal infections gener-
ally begin with the asymptomatic colonization of the nasopharynx (2). In favorable
conditions, the microbe can disseminate into the middle ear and sinuses, leading to
otitis media or sinusitis, and to the lungs, causing pneumonia, for which it is named.
The pneumococcus can also disseminate into the bloodstream, brain, or heart, causing
sepsis, meningitis, or adverse cardiac events (3). Importantly, it remains enigmatic as to
what results in the transition from colonization to invasiveness. One hypothesis is that
the ability of the pneumococcus to adapt to changes in local host tissue environments,
such as the upper respiratory tract, govern its ability to survive and enable diseased
states (4).

Microbes commonly encounter changes in temperature when they move from the
external environment to the host and between different host tissues. It has been
shown that temperatures range from 30°C to 32°C on the anterior surface of the naso-
pharynx, and this increases to 34°C in the posterior section of the nasopharynx (5). In
the lungs, bloodstream, and central nervous system, the temperature rises to 37°C. The
body temperature can increase to 39°C to 40°C as an inflammatory response during
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infection (6). Therefore, the pneumococcus has to combat distinct temperatures in dif-
ferent tissue sites in health and disease.

Temperature fluctuations have a fundamental impact on microbial physiology, viru-
lence, and survival (7). Therefore, it is important to understand how changes in transcrip-
tion contribute to pneumococcal adaptation to temperature changes within its host.
Temperature increase within a mammalian host may act as a stimulus for a rapid
increase in the synthesis of a highly conserved set of proteins referred to as heat shock
proteins (HSPs). GroEL, DnaK, and Clp proteins have been identified as major heat shock
proteins in the pneumococcus (8) and many other pathogens (9, 10). Further, these are
required for S. pneumoniae protein quality, growth, competence, thermal adaptation,
and induction of virulence genes, including capsule biosynthesis (cps2A) and cytolytic
toxin pneumolysin (ply) (8, 11–13). In a recent study, thermosensing was reported to
modulate the synthesis of pneumococcal capsular polysaccharide and factor H binding
proteins, which have been linked to complement-mediated evasion of the microbe (5).

In addition to specialized heat shock proteins, the microbes utilize distinct mecha-
nisms to optimize their survival in response to temperature fluctuations. For example,
in Streptococcus thermophilus, resistance to heat shock is increased by an insertional
mutation of deoD, which encodes a purine nucleoside phosphorylase (PNP), which
generates the free purine and deoxyribose-1-phosphate through the phosphorolytic
cleavage of nucleosides (14). It was suggested that by regulating the intracellular con-
centration of ppGpp level, PNP contributes to survival at high temperature.

Mutational analysis of a-amylases has demonstrated that the flexibilities of these
enzymes differ as a structural strategy to adapt to environmental temperatures in ther-
mophilic and psychrophilic microorganisms (15). In another example, the polymeriza-
tion of the cell division protein FtsZ is temperature dependent, and the level of en-
tropy for assembly of the protein changes with temperature in the host (16). Another
example is glutamate dehydrogenase, which has been identified as a protein thermo-
sensor in the hyperthermophile Aeropyrum pernix K1 (17).

Glutamate dehydrogenase (GdhA) is a member of a group of oxidoreductase
enzymes that catalyze the reversible oxidative deamination of L-glutamate to 2-oxoglu-
tarate (a-ketoglutarate) by connecting amino acid metabolism to tricarboxylic acid
(TCA) cycle (18). Pneumococci do not have a functional TCA cycle because the com-
plete set of genes could not be identified in their AT-rich genome (19). Studies on glu-
tamate dehydrogenase demonstrated that it has additional roles in response to various
nutritional signals. Girinathan et al. showed that uptake of glutamate is crucial for
Clostridium difficile to colonize in the host and that its colonization and pathogenicity
of the animal gut were inhibited in the absence of glutamate dehydrogenase (GDH)
(20). In Bacillus subtilis, the growth of a rocG (a homologue of gdhA) mutant strain was
restricted by a b-lactam antibiotic, cefuroxime (CEF), compared to the wild-type strain,
suggesting that glutamate dehydrogenase may be involved in the cell envelope stress
response. In further support of this hypothesis, it was also revealed that RocG has an
impact on intracellular pH and may protect cells against growth arrest by CEF (21).

To increase our understanding of pneumococcal thermal adaptation, we obtained
transcriptional profiles of the pneumococcus at different temperatures. We identified
differential expression of a total of 252 genes at 34°C and 40°C at mid-exponential
growth phase relative to 37°C. One of the identified genes differentially expressed at
40°C encoded glutamate dehydrogenase (GdhA). In this study, we showed that GdhA
is important in pneumococcal adaptation to high temperature as well as for nutrient
metabolism and virulence.

RESULTS
Transcriptome analyses of pneumococci grown at different temperatures.

Analysis of the pneumococcal transcriptomes obtained at 34°C and 40°C, relative to
37°C, showed a significant differential expression of a total of 252 genes over the two
comparisons (Table S3 in the supplemental material). Compared to 37°C, at 34°C, 97
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genes were upregulated, while 35 were downregulated during mid-exponential
growth. The expression of 25 operons was affected at 34°C, ranging between 2- to 53-
fold upregulation and 2- to 4-fold downregulation (Table 1). On the other hand, at
40°C, 43 genes were upregulated compared to 37°C, and 76 genes were downregu-
lated, representing 21 operons. The expression of these operons ranged between 2-
and 32-fold upregulation and 2- and 44-fold downregulation (Table 1). Notably, several
operons that were highly upregulated at 34°C were found to be downregulated at
40°C. The differentially expressed genes were functionally diverse, coding for bacterio-
cin synthesis, competence, transcriptional regulation, and sugar and purine metabo-
lism. In addition, the transcriptional analysis also revealed the differential expression of
genes identified previously to be important in temperature homeostasis, including
those coding for chaperonin or heat shock proteins coded by SPD_0458-SPD_0461
and SPD_1709-SPD_1710 loci, respectively.

GdhA enzyme activity affects pneumococcal cell size and growth at high
temperature. The transcriptome data in this study showed that gdhA was downregu-
lated at 34°C and upregulated at 40°C (Table S3). Further expression analysis of gdhA
by quantitative reverse transcriptase PCR (qRT-PCR) also showed 2.32-fold downregula-
tion at 34°C and an increase of 4.51-fold at 40°C, which was consistent with the micro-
array data. While the involvement of this enzyme in temperature adaptation in hyper-
thermophiles was shown (17), in mesophiles, its role has not been studied. Due to the
lack of information about its involvement in thermal adaptation in mesophiles, and its
temperature-dependent differential expression in the pneumococcus, we hypothe-
sized that GdhA is important in pneumococcal thermal adaptation.

To test this hypothesis, we created an isogenic DgdhA strain and a genetically comple-
mented version of it. These strains were then characterized for cell size, growth, and GdhA

TABLE 1 Expression levels and putative functions of pneumococcal genes that are sensitive to temperature changes in wild-type D39 at
mid-exponential growth phasea

Locus Function(s)

Fold change at:

34°C 40°C
SPD_0035-SPD_0036 Hypothetical protein 2.32 to 3 21.93 to22.18
SPD_0046-SPD_0047 Bacteriocin synthesis 9.33 to 9.35 27.69 to27.89
SPD_0049-SPD_0056 Competence development, purine metabolism 2.58 to 14.81 21.95 to29.74
SPD_0059-SPD_0060 Purine metabolism 1.92 to 2.79
SPD_0093-SPD_0096 Hypothetical protein 22.54 to23.02
SPD_0113-SPD_0116 Hypothetical protein 22.9 to24.01 19.9 to 32.51
SPD_0132-SPD_0133 Hypothetical protein 6.23 to 52.94 25.8 to231.81
SPD_0452-SPD_0453 Phage integrase protein, restriction/modification subunit 22.35 to22.37
SPD_0447-SPD_0448 MerR family protein, glutamine synthetase 23.66 to24.66 2.96 to 4.12
SPD_0466-SPD_0468 Bacteriocin synthesis 2.49 to 7.01 22.41 to26.49
SPD_0470-SPD_0474 Bacteriocin synthesis 3.38 to 16.54 22.02 to29.59
SPD_0701-SPD_0702 Histidine kinase, response regulator 1.96 to 2.06 22.24 to22.59
SPD_0723-SPD_0724 Sugar metabolism 21.99 to21.9
SPD_0771-SPD_0773 Sugar metabolism 1.91 to 2.12 22.46 to23.04
SPD_1098-SPD_1099 ABC transporter 22.9 to23.44 2.68 to 2.79
SPD_1175-SPD_1179 Hypothetical protein, ABC transporter protein 1.97 to 2.48
SPD_1380-SPD_1381 Hypothetical protein, unclassified metabolism 1.98 to 2.35
SPD_1514-SPD_1516 ABC transporter protein, hypothetical protein 2.74 to 3.99
SPD_1527-SPD_1528 Hypothetical protein, ABC transporter protein 2.06 to 2.9 22.02 to22.29
SPD_1650-SPD_1652 ABC transporter protein 2.61 to 4.01
SPD_1682-SPD_1698 tRNA synthesis 22.01 to22.83 2.15 to 3.41
SPD_1740-SPD_1744 Competence damage protein, hypothetical protein 3.1 to 5.84 23.22 to25.37
SPD_1830-SPD_1831 Sugar metabolism, PTS transporter system 1.97 to 2.21
SPD_1855-SPD_1856 Hypothetical protein 3.71 to 6.18 22.42 to25.38
SPD_1857-SPD_1862 Competence development 7.65 to 37.39 25.64 to220.39
SPD_2033-SPD_2035 Ribosomal surface protein, competence protein, helicase 2.82 to 3.55
SPD_2063-SPD_2065 Competence development 35.18 to 53.65 223.95 to244.92
SPD_2068-SPD_2069 Serine protease, transcriptional regulator SpoJ 4.4 to 6.38 23.5 to23.73
aFold changes are approximately$2.0 or less than or equal to22.0 of each operon. All P values are,0.001.
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activity at different temperatures. The results showed that the wild-type D39 strain had a
similar cell size at 37°C (0.48 6 0.014 mm; n = 60) and 34°C (0.44 6 0.017 mm; n = 60)
(P . 0.05) but had a significantly reduced size when incubated at 40°C (0.36 6 0.003 mm)
compared to 34°C and 37°C (P , 0.05) (Table 2). The complemented mutant strain
(CompDgdhA) had a similar cell size to the wild type at all temperatures (for 34°C, 37°C,
and 40°C, 0.456 0.03, 0.486 0.06, and 0.346 0.03mm, respectively; P. 0.05). In contrast,
DgdhA cells were smaller at 34°C (0.39 6 0.00 mm; n = 60) and 40°C (0.25 6 0.01 mm;
n = 60) than at 37°C (0.466 0.00mm; n = 60) (P, 0.05 for both comparisons), and the dif-
ference in cell size at 40°C and at 34°C was also significant (P , 0.0001) (Table 2). The
results show that incubation temperature has a major impact on cell size at 34°C and at
40°C and that GdhA contributes to regulation of cell size at higher temperature. A repre-
sentative image of cell measurement at 40°C is shown in Fig. S1.

Next, at different temperatures, we determined GdhA involvement in pneumococcal
growth rate and yield, which refers to the maximal growth difference from the time
zero. In brain heart infusion (BHI), Todd-Hewitt broth (THB), and casein-tryptone medium
(CAT) media, no significant differences were observed in growth rate and yield of the
wild type and DgdhA at the different temperatures, showing that the deletion of gdhA
does not lead to a growth defect in rich medium (Fig. S2). On the other hand, when
tested in chemically defined medium (CDM) supplemented with glucose where the
pneumococci were predicted to encounter a more challenging environment, very likely
due to limited amount of thermoprotective molecules such as glycine and betaine com-
pared to the growth in rich media, the growth yield (1.19 6 0.01) and rate (0.30 6 0.01
h21) of the wild type decreased significantly (P , 0.0001 for both comparisons) at 40°C
compared to 34°C (growth yield, 1.38 6 0.01, and growth rate, 0.35 6 0.01 h21; n = 9)
and 37°C (growth yield, 1.48 6 0.01; growth rate, 0.39 6 0.01 h21; n = 9) (Fig. 1) (22).
However, there was no significant difference in growth profiles of the wild type at 34°C
and 37°C (P . 0.05). As observed for the wild type, DgdhA had a significantly lower

TABLE 2 Cell size of wild-type D39, DgdhA, and complemented mutant strain, CompDgdhA,
grown in CDM supplemented with 55 mM glucose at 34°C, 37°C, and 40°Ca

Strain

Cell size (mm) at:

34°C 37°C 40°C
D39 (WT) 0.446 0.01 0.486 0.01 0.366 0.00
DgdhA 0.396 0.00 0.466 0.00 0.256 0.01
CompDgdhA 0.456 0.03 0.486 0.06 0.346 0.03
aCell size of D39 wild type reduced when grown at 34°C or 40°C compared to 37°C (P, 0.05). A similar size trend
was recorded in the absence of gdhA (P, 0.05). While no difference was observed between D39 and DgdhA at
37°C, DgdhA cells were significantly smaller than the wild type at 34°C or 40°C. No difference between the wild
type and complemented mutant strain was seen. The standard error shows the mean of three different
experiments for at least 50 individual cell measurements.

FIG 1 Growth profiles of pneumococcal strains in CDM supplemented with 55 mM glucose at
different temperatures. Error bars show the standard error of the mean for three individual
measurements, each with three replicates (n = 9). Significant differences were seen comparing the
growth rate of the mutant strain to the wild-type D39 or among themselves at tested temperatures
using ANOVA followed by Tukey’s multiple-comparison test. ****, P , 0.0001.
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growth yield and rate at 40°C (growth yield, 0.80 6 0.02, and growth rate, 0.21 6 0.02
h21; n = 9) relative to its growth at 34°C or 37°C (growth yields, 1.19 6 0.01 or 1.22 6

0.08, and growth rates, 0.306 0.02 or 0.336 0.01 h21, respectively; n = 9) (P, 0.05). We
did not observe any statistical difference in growth rate of the wild type and mutant at
34°C and 37°C (P . 0.05); however, the wild type had a higher yield than the mutant at
37°C. Moreover, compared to the wild type, DgdhA had significantly lower growth rate
at 40°C only (P , 0.0001) (Fig. 1). These results show that pneumococcal growth is influ-
enced by increased temperature and that gdhA is required for optimal pneumococcal
growth at 40°C.

To determine a link between the observed differences in cell size and growth proper-
ties at the high temperature and the GdhA, we determined the enzyme level in the
pneumococcal strains grown in CDM supplemented with 55 mM glucose at different
temperatures (Table 3). The results showed that the highest GdhA activity in the wild
type was at 40°C (74.48 6 0.83 mU/mg protein) and the lowest at 34°C (16.51 6 0.65
mU/mg protein) relative to at 37°C (38.19 6 0.66 mU/mg protein), which was consistent
with the transcriptome data. The difference in enzyme activity at 34°C and 40°C relative
to at 37°C was significant (P , 0.0001 for comparison of both). There was significantly
less GdhA activity in DgdhA compared to the wild type at all tested temperatures (for
34°C, 37°C, and 40°C, 1.54 6 0.35, 2.51 6 0.19, and 0.4 6 0.02 mU/mg protein, respec-
tively) (P, 0.001). The genetic complementation in CompDgdhA reconstituted the activ-
ity (for 34°C, 37°C, and 40°C, 13.25 6 0.79, 28.89 6 0.51, and 57.59 6 2.27 mU/mg pro-
tein, respectively). These results are consistent with GdhA influencing pneumococcal cell
size and growth profiles at high temperature.

GdhA activity affects hemolytic activity. A previous study showed an impact on
virulence gene expression that correlated with temperature change (6). Therefore, in
addition to the impact of temperature on growth properties of the pneumococcus, we
also investigated the effect of temperature and GdhA on the key pneumococcal viru-
lence determinants capsule, and pneumolysin, which is the main determinant of pneu-
mococcal hemolytic activity, directly correlates with its virulence (23). Pneumolysin activ-
ity was assessed by measuring the hemolysis of the red blood cells by pneumococcal
cell lysates prepared from the cultures grown at different temperatures (23). The results
showed that the wild type and the complemented mutant strain (CompDgdhA) had
lower hemolytic activity at 40°C (8.59 6 0.46 hemolytic units [HU]/mg protein; n = 9) rel-
ative to at 37°C (12.56 6 1.21 HU/mg protein; n = 9) (P , 0.05 and P , 0.01, respec-
tively), while no significant difference was recorded at 34°C (11.44 6 0.52 HU/mg pro-
tein; n = 9) and 37°C (P . 0.05). The lack of gdhA resulted in approximately 1.5-fold
lower activity in cultures grown at 40°C (6.22 6 0.34 HU/mg protein) than 34°C or 37°C
(11.196 0.45 and 12.616 1.88 HU/mg protein; n = 9) (P, 0.05) (Fig. 2). Furthermore, at
40°C, DgdhA had lower hemolytic activity than the wild type (P , 0.001), whereas when
cultured at 34°C or 37°C, the wild type and DgdhA had similar activity levels (P . 0.05).
We conclude that GdhA is positively associated with pneumolysin activity at higher
temperatures.

Temperature affects capsule production independent of GdhA activity. The glu-
curonic acid assay has been used as a direct measurement of capsule polysaccharide

TABLE 3 Glutamate dehydrogenase activity in the wild type (WT), DgdhA, and CompDgdhA
at 34°C, 37°C, and 40°C

Strain

Glutamate dehydrogenase activity (mU/mg protein) ata:

34°C 37°C 40°C
WT 16.516 0.65 38.196 0.66 74.486 0.83
DgdhA 1.546 0.35 2.516 0.19 0.046 0.02
CompDgdhA 13.256 0.79 28.896 0.51 57.596 2.27
aThe enzyme activity is expressed as nmol/ml (mU/ml) of NADH released from the substrate per minute at pH 7.6
and normalized against mg protein and expressed for 1� 108 CFU. The highest induction of GdhA was
obtained at 40°C in the wild type and complemented mutant strain CompDgdhA. The activity in DgdhAwas
negligible at all temperatures.
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content (24). When this assay was applied to our strains in BHI (rich medium), we found
that the wild-type pneumococcal strain produced similar amounts of the type 2 cap-
sule subunit, glucuronic acid, at the different temperatures (P . 0.05) (for 34°C, 37°C,
and 40°C, 176.1 6 8.7, 170.2 6 7.9, and 176.8 6 6.1 mg protein per 109 CFU, respec-
tively). However, in CDM, the wild-type pneumococcus produced more glucuronic acid
at 34°C (190.5 6 5.4 mg protein per 109 CFU) than at 37°C (171.8 6 2.7 mg protein per
109 CFU) (P , 0.01) and 40°C (156.0 6 3.0 mg protein per 109 CFU) (P , 0.0001). The
amount of glucuronic acid produced by complemented strain CompDgdhA was similar
to that of the wild type at all temperatures (P. 0.05).

The DgdhA strain also produced significantly more glucuronic acid when grown in
CDM at 34°C (207.3 6 3.3 mg protein per 109 CFU) than at 37°C or 40°C (156.4 6 1.9
and 143.7 6 4.7 mg protein per 109 CFU, respectively) (P , 0.0001), whereas no differ-
ence was observed between 37°C and 40°C (P . 0.05). Compared with the wild type,
DgdhA produced more glucuronic acid at 34°C (P , 0.05), while there was no signifi-
cant difference at either 37°C or 40°C (P . 0.05) (Fig. 3). These results did not support a
role for GdhA in capsule synthesis at high temperature, whereas it appears to be
involved at the lower temperature.

FIG 2 Hemolytic activity of pneumococcal strains grown in CDM supplemented with 55 mM glucose
at different temperatures. Hemolytic activity assay was performed as a measure of pneumolysin
activity and done using 4% (vol/vol) defibrinated sheep blood. Significant differences were seen in
pneumococcal strains and at different temperatures using ANOVA and Tukey's multiple-comparison
tests. Error bars show the standard error of the mean for three individual measurements, each with
three independent biological samples. *, P , 0.05; **, P , 0.01; ***, P , 0.001.

FIG 3 To access capsule, we measured glucuronic acid concentration of pneumococcal strains grown
in CDM supplemented with 55 mM glucose at different temperatures. Significant differences were
seen by comparing the amount of capsular polysaccharide produced among pneumococcal strains at
different temperatures using ANOVA and Tukey's multiple-comparison tests. Error bars show the
standard error of the mean for three individual measurements, each with three independent
experiments. *, P , 0.05; **, P , 0.01; ****, P , 0.0001.
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GdhA contribution to biofilm formation. Because pneumococci reside in the
nasopharynx within biofilm communities, where the temperature is suggested to be
around 34°C (25), we evaluated the effect of temperature on pneumococcal biofilm
generation using a crystal violet assay on overnight biofilms. The results showed that
the wild type formed a similar amount of biofilm at 34°C and 37°C (optical density at
595 nm [OD595], 2.55 6 0.08 and 2.78 6 0.05 per 108 CFU, respectively; n = 9), whereas
at 40°C (OD595, 2.40 6 0.04 per 108 CFU; n = 9), the pneumococcus generated signifi-
cantly less biofilm than at 37°C (P , 0.05). In addition, there was no difference in bio-
film formation by the CompDgdhA strain and the wild type at any of the tested tem-
peratures. Similarly, loss of gdhA did not affect the formation of biofilm at 34°C (OD595,
2.56 6 0.10 per 108 CFU; n = 9), but the biofilm was reduced at 40°C (OD595,
2.03 6 0.04 per 108 CFU; n = 9) (P , 0.0001) relative to 37°C (OD595, 2.59 6 0.07 per 108

CFU; n = 9) (P , 0.0001). A significant difference between the wild type and DgdhA
strains was also observed at 40°C (P , 0.05), but there was no difference in biofilm for-
mation between the gdhA mutant and the wild type at other temperatures (Fig. 4).
Taken together, these data suggest that GdhA could govern biofilm formation in the
nasopharynx in a temperature-dependent manner.

Inactivation of GdhA reduces the pH homeostasis at a temperature shift.
Because the external pH has been shown to influence the transcription of gdhA in
other systems (26), we wished to test the role of GdhA in pH homeostasis and its syn-
ergy with different temperatures in the pneumococcus. This was accomplished by cul-
turing pneumococcal strains at different acidity levels and simultaneously varying the
temperature (Fig. 5). The results showed that the survival of the wild-type strain was
lowest at pH 5.0 irrespective of temperature, whereby the survival decreased from
log10 8.5 to 5.2 CFU/ml within 120 min (P , 0.0001). In addition, in contrast to 34°C
and 37°C, incubation at 40°C adversely affected pneumococcal survival at pH 5.4, sug-
gesting that high temperature reduces the tolerance to acidic conditions.

Importantly, the acidic conditions had a more severe impact on the survival of the
DgdhA mutant strain than the wild type. At 34°C and 37°C, DgdhA was less tolerable to
acidic pH (5.0 to 6.4) than the wild type after 60 min (P , 0.05). On the other hand, at
40°C, the viability of DgdhA was significantly reduced at pH range between 5.0 to 6.4
within 30 min (P , 0.0001) compared to the wild type, while no difference was
observed in the survival at pH 7.0 to 8.0 (P . 0.05). Hence, the data suggest that

FIG 4 Biofilm formation of pneumococcal strains at different temperatures. Biofilms were measured
using crystal violet assay on overnight cultures grown in static conditions. All values are expressed as
optical density of stained adherent cells at 595 nm. Each column represents means of three
individual measurements each with triplicates with their standard error of means. Mean differences in
biofilm formation of the mutant strain were compared to the wild-type strain and among themselves
at tested temperatures using ANOVA and Tukey's multiple-comparison tests. *, P , 0.05, ***,
P , 0.01; ****, P , 0.001.
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environmental pH and temperature have a synergistic adverse impact on the survival
ability of pneumococcus and that GdhA plays an influential role in pneumococcal sur-
vival at acidic conditions, particularly at high temperature.

Contribution of GdhA to pneumococcal virulence. The results above demon-
strated that GdhA is important for pneumococcal metabolism and adaptation to high
temperature. Next, we investigated GdhA’s role in pneumococcal virulence in vivo
using a Galleria mellonella infection model. Comparing to other traditional mammalian
models, G. mellonella provides technical and logistical advantages (27). The insect is
large enough to be injected with defined doses of microbes, and G. mellonella is easy
to maintain with a short life span for quick experiments. G. mellonella can be kept at
20°C to 30°C, and infection studies can be performed at below room temperature and
over 37°C, which makes it ideal to test the hypotheses of this study.

G. mellonella larvae were infected with pneumococci grown at different tempera-
tures, and the larvae were incubated at 37°C. There was a significant reduction in survival
of larvae infected with 5 � 105 CFU wild type or CompDgdhA that had been cultured at
40°C compared to infection with pneumococci grown at 37°C (P , 0.01) (Fig. 6). No dif-
ference was recorded in mortality between the larvae incubated at 34°C and 37°C
(P . 0.05). On the other hand, DgdhA was significantly less virulent when cultured at

FIG 5 Acid tolerance of pneumococcal strains at 34°C, 37°C, or 40°C. Data represent the mean of three independent
experiments, each with three replicates (n = 9). Mean differences in growth profile of the mutant strain were compared
to the wild-type strain at different pH and temperature conditions using two-way ANOVA and Tukey's multiple-
comparison tests. *, P , 0.05; ****, P , 0.0001.
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40°C (P , 0.0001) than when grown at 37°C (Fig. 6), and the virulence of DgdhA was sig-
nificantly diminished at growth temperature of 40°C compared to the virulence of wild
type, and the reduced virulence was consistent with the low number of recovered
DgdhA larvae during the course of infection relative to the wild-type counts (Fig. S4) at
the same temperature. A representative image of infected larvae is also shown in Fig. S3.

GdhA has a temperature-dependent effect on D39 carbon metabolism. S. pneu-
moniae is a facultative anaerobe and therefore does not possess an active TCA cycle,
preferring to ferment a vast array of sugars. As GdhA has been implicated in the redi-
rection of metabolism in other pathogens (28, 29), we wanted to further investigate
the role of GdhA in controlling metabolic flux in response to different temperatures.
After feeding the cells a glucose carbon source, metabolic end products of lactate, for-
mate, and acetate were measured, and the results are displayed in Fig. 7.

FIG 7 Measurement of metabolic end products in pneumococcal strains grown to mid-exponential phase in
CDM supplemented with 55 mM glucose at different temperatures. The number of products normalized
against 108 CFU. Values (mM) are mean of three independent experiments, each with three replicates and
expressed for 108 CFU. 6, SEM; LDH, lactate dehydrogenase; PFL, pyruvate-formate lyase; ACK, acetate kinase.

FIG 6 Survival of G. mellonella infected with 5 � 105 CFU/larvae. Each dot represents the number of
dead larvae for individual group (n = 10) at 34°C (blue), 37°C (black), or 40°C (red). Significant
differences in mortality numbers are seen comparing with the D39 wild-type strain with the mutant
strain and among themselves at tested temperatures using ANOVA and Tukey’s multiple-comparison
tests. Error bars show the standard error of the mean. *, P , 0.05; ***, P , 0.001; ****, P , 0.0001.
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Results indicated that lactate was the main end product for all the pneumococcal
strains, irrespective of temperature. However, the amount of lactate varied among
strains and with temperature changes. The difference in lactate concentration at 34°C
and 40°C relative to 37°C was significant for all strains (P , 0.0001), but DgdhA had sig-
nificantly less lactate than the wild type and the complemented mutant (CompDgdhA)
at all temperatures (P , 0.01) (Fig. 7), suggesting that GdhA has both a temperature-
dependent and -independent impact on pathways affecting lactate production. On the
other hand, while the wild type and the complemented mutant generated a negligible
level of formate, DgdhA generated significantly more formate than the wild type at all
tested temperatures (P , 0.0001). In addition, the amount of formate produced by the
mutant was significantly higher at 40°C than 34°C and 37°C (P , 0.05 and P , 0.01,
respectively), showing that the absence of GdhA leads to what is referred to as mixed
acid formation (19). Acetate was also detected only at negligible levels in culture
supernatants of all strains at all temperatures. The results above demonstrated that
GdhA is important for pneumococcal carbon utilization and metabolism and, impor-
tantly, its adaptation to high temperature.

CcpA plays a role in gdhA regulation. As GdhA clearly impacted carbon utilization
(Fig. 7), we reasoned that CcpA, a major regulator of carbon flux in the pneumococcus,
and other pathogens (30–32) might be involved. Indeed, CcpA has a major regulatory
impact on the expression of ldhA and codes for lactate dehydrogenase, and pflA codes
for pyruvate formate lyase, which determine the levels of lactate and formate in the
pneumococcus, respectively. We therefore hypothesized that CcpA is also involved in
gdhA regulation. Belitsky et al. had identified a putative CcpA binding site (cre) in B.
subtilis (33) with the consensus sequence TGWAARCGYTWNCW (where N is any base,
W is A or T, R is A or G, and Y is C or T) (34), and in silico analysis showed two cre-like
sequences, AGAAAAACGTTCGT and TGAAAAAAAATTCT, in the putative promoter
region of gdhA (PgdhA), suggesting that CcpA might control gdhA by binding to a cre
site (Fig. S5). EMSA analysis, however, did not show the binding of recombinant CcpA
to PgdhA (data not shown), ruling out a direct regulation of gdhA by CcpA.

We then hypothesized that CcpA may control gdhA expression indirectly through
its impact on metabolism. To test this, PgdhA::lacZ was introduced into the wild-type,
DgdhA, and DccpA backgrounds. The recombinant strains PgdhA::lacZ-wt, PgdhA::lacZ-
DgdhA, and PgdhA::lacZ-DccpA were grown in CDM supplemented with 55 mM glucose
at different temperatures. The results showed that b-galactosidase activity in PgdhA::
lacZ-wt was significantly higher at 40°C (190 6 2.7 MU/108 CFU) than at 34°C and 37°C
(68.5 6 2.3 and 87.8 6 3.2 MU/108 CFU, respectively; n = 3) (P , 0.0001) (Fig. 8), con-
firming the microarray data. In PgdhA::lacZ-DgdhA, the activity level followed the same
pattern as the wild type at 34°C (85.8 6 2.9 MU/108 CFU) and 37°C (102.4 6 0.6 MU/
108 CFU) (P . 0.05), but at 40°C, PgdhA::lacZ-DgdhA had significantly more activity

FIG 8 b-Galactosidase activity of pneumococcal strains grown in CDM supplemented with 55 mM
glucose. The activity is expressed in nmol p-nitrophenol/min/ml using mid-exponential-phase
cultures. In the DccpA, the expression of PgdhA was significantly lower at 37°C than in the WT. Values
are average of at least three independent experiments, each with three replicates. Error bars indicate
the SEM. *, P , 0.05; **, P , 0.01; ****, P , 0.0001.
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(258.1 6 4.6 MU/108 CFU) than the wild type (P , 0.0001), suggesting that GdhA
represses its own gene expression at high temperature. Furthermore, the amount of
b-galactosidase in PgdhA::lacZ-DccpA was significantly lower at 37°C (68.4 6 1.2 MU/
108 CFU) and 40°C (91.8 6 6.9 MU/108 CFU) than the wild type (P , 0.01); however, the
reduction was more pronounced at 40°C (P , 0.0001) than at 37°C (P , 0.05).
Together, these data suggest that CcpA positively modulates gdhA transcription in a
temperature-dependent manner and that this effect is indirect (Fig. 8).

DISCUSSION

In occupying different anatomical sites within the human host, the pneumococcus
encounters fluctuating temperatures and therefore needs to maintain homeostasis at
these different temperatures to sustain its survival. Our results show that the pneumo-
coccus is extremely sensitive to changes in temperature fluctuations, as evidenced by
differential expression of more than 11% of its gene content. Interestingly, there are
dedicated transcriptional profiles for different temperatures. While a block of genes is
upregulated, for example, at 34°C, the same set of genes is downregulated at 40°C,
suggesting that not only overexpression, but also downregulation of certain genes, is
simultaneously required for temperature adaptation and is likely governed by the
same set of regulatory factors. Differential expression of genes at different tempera-
tures is consistent with metabolic and genetic reprogramming of the pneumococcal
cell, and it is very likely that nutrient availability has a major impact on survival at dif-
ferent temperatures. This is supported by the fact that the pneumococcal growth rate
was not affected at high temperature in a nutrient-rich environment, but there was a
reduced rate of growth in the nutrient-limited medium, CDM, which better reflects the
nutrient-poor environment of the host. We noted that DgdhA grew with a shorter lag
phase at 37°C than the wild type. This can be linked to the key role played by 2-oxoglu-
tarate (or 2-ketoglutarate), which is converted to glutamate via GdhA activity, in car-
bon and nitrogen metabolism (35). It is plausible that the lack of GdhA affected the
metabolic balance and led to faster ATP generation but reduced ATP yield, which may
account for observed growth feature of the mutant.

The metabolite 2-oxoglutarate stands at the crossroads between carbon metabo-
lism and nitrogen metabolism. As one of the substrates of glutamate synthase
(GOGAT), 2-oxoglutarate provides the de novo carbon skeleton for the two most impor-
tant nitrogen-containing compounds in the cell, glutamate and glutamine (36).
Moreover, as the product of glutamate metabolism by glutamate dehydrogenase, 2-
oxoglutarate can be the entry point into central metabolism for the carbon skeletons
of several amino acids (including arginine, ornithine, proline, and histidine), which are
catabolized to glutamate (37).

In these studies, temperature-mediated transcriptional alterations revealed impor-
tant clues about the pneumococcal biology in different anatomical niches and during
health and disease. The pneumococcus alters the expression of some of its key path-
ways, including the expression of competence (com) and bacteriocin (blp) genes in
response to temperature shifts. Serving as an excellent internal control, our results are
consistent with the modulation of competence with temperature, which is the most
optimal between 32 to 34°C and decreases beyond this range (38). Increased expres-
sion of bacteriocin coding genes at 34°C is also consistent with their role in microbial
competition in the upper respiratory tract (39).

Another noteworthy observation from these studies was the increased expression
of purine (pur) metabolism genes at 34°C and their downregulation at 40°C, which
could explain the reduced growth rate and cell division at this temperature. A reduced
growth rate observed at 40°C was also in line with reduced expression of protein trans-
lation genes. In support, it has been reported that approximately half of cellular energy
is consumed for translation by ribosomes during cellular proliferation (40), and this
points to the reduction in protein synthesis as a possible means to save metabolic
energy needed for an unforeseen stress response. Intriguingly, we have detected
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differential expression of 53 hypothetical genes at different temperatures. Therefore,
future studies are required to investigate the involvement of these hypothetical genes
in thermal adaptation in detail.

Our findings here indicate the involvement of glutamine metabolism specifically
and nitrogen metabolism in general in pneumococcal thermal adaptation. In this
study, we focused on gdh’s role in thermal adaptation; its expression went down 2.2-
fold at 34°C and increased 2.1-fold at 40°C compared to 37°C. gdhA was shown to be
repressed by the regulator of amino acid metabolism CodY and GlnR (also known as
MerR), which is shown to repress the expression of genes involved in glutamine syn-
thesis and uptake (35). In this study, we found that the expression of codY increased
2.1-fold at 34°C and did not significantly change at 40°C compared to 37°C in the mu-
tant. On the other hand, the expression of merR went down 3.66-fold at 34°C and
increased by 2.96-fold at 40°C in DgdhA. These results show that the level of GdhA may
contribute to regulation of merR.

The importance of GdhA has been studied in many different microorganisms from
the perspective of nutrient metabolism (41, 42); however, its involvement in tempera-
ture adaptation has not been studied in mesophiles. In this study, we show that GdhA
plays a role in specific phenotypes during temperature adaptation, namely, growth,
cell size, pH homeostasis, virulence, and, importantly, metabolic reprogramming. In the
case of metabolism, deletion of gdhA resulted in a significant shift in the metabolic
end product profile of S. pneumoniae, leading to increased production of formate, par-
ticularly at 40°C. We hypothesize that this result could be due to significant upregula-
tion at 40°C of merR, which is known to involve regulation of pyruvate node enzyme
pyruvate formate lyase (PflB), whose activity generates formate (43).

Our results shed light on several important facets of pneumococcal survival at different
temperatures, which may be relevant for in-host survival during colonization and invasive
disease, for example, temperature impact on cell size and biofilm formation. In this regard,
we found that temperature shifts have a significant impact on pneumococcal cell size.
One hypothesis that could explain this phenomenon would be the linkage between
downregulation of certain genes involved in nutrient uptake, such as those required for 6-
phospho-beta-glucosidase metabolism (celB) and iron transport (SPD_1651). It can also be
speculated that environmental pH impacts cell size by modulating cell division and cell
cycle progression controlled by FtsZ protein. It should be noted, however, that microarray
data did not indicate significant change in the transcript level of ftsZ (SPD_1479).
Moreover, temperature may show its impact on pneumococcal biology through its impact
on purine biosynthesis. Our microarray data show downregulation of genes involved in
purine biosynthesis at 40°C relative to 37°C. It has been reported that purine biosynthesis
is important for bacterial proliferation (44).

Streptococcus pneumoniae forms biofilms in the nasopharynx (45). Chao et al.
reported that S. pneumoniae forms denser biofilms at 34°C than at 37°C in vivo (45).
Here, we demonstrate that higher temperatures (40°C) attenuate the biofilm formation,
which may reflect changes in cell surface architecture (46) and ultimately affect the
aggregation of pneumococcal cells (47). It is also possible that the decrease in biofilm
formation at high temperature is linked to downregulation of competence genes,
which are shown to be upregulated in biofilm-recovered pneumococci (48).

In this study, we also investigated the amount of capsule produced at different tem-
peratures because the pneumococcal polysaccharide capsule is a major virulence fac-
tor and microbial capsules can be affected by other environmental factors, such as oxy-
gen concentration and presence of galactose (49). We did not detect any difference in
capsule synthesis in BHI irrespective of temperature, but in CDM at 34°C, the pneumo-
coccus produced significantly more capsule than at 37°C or 40°C, despite the fact the
expression of cps locus (SPD_0315 to SPD_0327) was not significantly different at 34°C
than at 37°C. This inconsistency in capsule locus transcription and synthesis is not clear,
but it may be linked to the differences in the rate of posttranscriptional modifications
at different temperatures (50).
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We investigated the virulence of D39 and DgdhA strains at different temperatures
in Galleria mellonella. The results showed that the loss of gdhA decreases the virulence
at 40°C relative to 37°C, indicating that gdhA is required for virulence of pneumococcus
at high temperature. However, it was not clear whether the temperature effect on viru-
lence was due to the incubation temperature of bacteria or larvae. G. mellonella larvae
can tolerate up to 42°C (51). A previous study showed that preexposure of larvae to
heat induces their immune system and survival. Exposure of larvae to 4°C or 37°C led
to increased production of hemocytes and antimicrobial peptides such as gallerimycin
and transferrin compared to incubation at 30°C. This mild heat shock increased the re-
sistance to infection by C. albicans (52). It can be concluded that temperature has a
strong effect on larval immune system; therefore, variations in experimental tempera-
tures should be minimal to ensure the consistency of results. In this study, we tested
34°C, 37°C, and 40°C to reduce the impact of temperature on larval immune system,
which allowed us to investigate the temperature-pathogen interaction only.

In summary, our study shows that temperature fluctuation has a strong impact on
transcriptional and phenotypic profiles of S. pneumoniae and that GdhA has a role in
maintaining pneumococcal physiology at relatively high temperatures. Detailed knowl-
edge of thermostability of pneumococcal GdhA using protein engineering and bio-
chemical and structural characterization may allow further understanding of the ther-
mal adaptation strategies adapted by S. pneumoniae.

MATERIALS ANDMETHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are

listed in Table S1 in the supplemental material. Routinely, the pneumococcal strains were grown micro-
aerobically in Todd-Hewitt broth (THB) or THB supplemented with 0.5% (wt/vol) yeast extract (THY),
brain heart infusion (BHI) broth, casein-tryptone medium (CAT), or on blood agar plates supplemented
with 5% (vol/vol) defibrinated horse blood and were incubated at 34°C, 37°C, or 40°C. Chemically
defined medium (CDM) supplemented with 55 mM glucose was also used for growth of pneumococcal
strains (53). Where appropriate, spectinomycin (100 mg/ml) or kanamycin (250 mg/ml) was added to the
culture medium. Escherichia coli strain TOP10 (Invitrogen) was used for cloning and was grown in Luria
broth (LB) or on LB agar supplemented with kanamycin (150 mg/ml) or ampicillin (100 mg/ml).

Construction of genetically modified strains and reporter strains. Oligonucleotides used in this
study are listed in Table S2. To construct a gdhA deletion mutant, DgdhA, the splicing by overlap exten-
sion (SOEing) PCR method was used as previously described (43, 54). Briefly, the genetic locus, including
up- and downstream flanking regions surrounding gdhA, was amplified and fused with a spectinomycin
resistance gene, which had been amplified with spec/F and spec/R primers from pDL278 (55). The fused
fragments were purified and transformed into S. pneumoniae D39. The successful transformation was
confirmed by PCR and DNA sequencing. To account for any polar effect of mutagenesis, the DgdhA
strain was complemented with an intact copy of gdhA as described previously (53, 56). The comple-
mented strain was designated CompDgdhA. Transcriptional reporter strains were constructed as previ-
ously described (53). The putative promoter region of gdhA, which was identified using BPROM software
(57), was amplified and cloned into the reporter plasmid pPP2 (58). The recombinant plasmid was then
transformed into pneumococcus.

Transcriptome analysis. Pneumococcal strains were grown to early exponential phase, with an
OD600 of approximately 0.3, in CDM supplemented with 55 mM glucose at 34, 37, or 40°C. Three inde-
pendent biological samples were taken for analysis. The microPREP software package was used
to generate the microarray data from the slides. The CyberT implementation of a variant of a t test
was performed, and false-discovery rates (FDRs) were calculated (59). For differentially expressed
genes, a P value of ,0.001 plus an FDR of ,0.05 was considered the significance threshold. To identify
differentially expressed genes, a Bayesian P value of ,0.001 and a fold change cutoff of 2 were used.
All other processes for the microarray experiments and data analysis were done as before (60).

Quantitative reverse transcriptase PCR (qRT-PCR) was used to confirm the expression of gdhA as
described previously (53). To do this, first-strand cDNA was synthesized using approximately 1 mg of
DNase-treated RNA using random hexamers and SuperScript III reverse transcriptase kit (Invitrogen) by
following the manufacturer’s instructions.

Hemolytic activity assay. The hemolytic activity of pneumococcal strains was determined to assay
pneumolysin activity (61). Cell lysates were prepared by sonication at an amplitude of 8 mm for 15 s on
and 45 s off (Soniprep 150). Twofold dilutions of 50 ml of pneumococcal lysates in phosphate-buffered
saline (PBS) (pH 7.0) were made in a 96-well microtiter plate. Red blood cells (RBC), 4% (vol/vol), from
defibrinated sheep blood (Oxoid) in PBS were mixed with the lysates and then incubated at 37°C for
30 min. The hemolytic units (HU) were calculated as the highest dilution of lysate causing 50% lysis of
RBC in 30 min at 37°C and normalized against milligrams protein.

Glucuronic acid quantification. The glucuronic acid content was quantified as a measure of capsule
production, as described previously (53). Five hundred microliters of mid-exponential phase (approximate
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OD600 of 0.5 to 0.6 at different temperatures) pneumococcal culture was mixed with 100 ml of 1% (vol/vol)
Zwittergent 3-14 detergent (Sigma-Aldrich) in 100 mM citric acid (pH 2.0), and then the mixture was incu-
bated at 50°C for 20 min followed by precipitation with 1 ml of 99% (vol/vol) ethanol. The pellet was
dissolved in 200ml of distilled water and mixed with 1.2 ml of 12.5 mM borax (Sigma-Aldrich) in H2SO4. The
suspension was boiled at 100°C for 5 min, cooled to room temperature, and mixed with 20 ml of 0.15% (wt/
vol) 3-hydroxydiphenol (Sigma-Aldrich). Absorbance was measured at 520 nm. The glucuronic acid content
of the samples was quantified in comparison to a standard curve generated with known concentrations of
glucuronic acid and normalized against permg of protein per 109 CFU.

Biofilm formation assay. Biofilm formation of pneumococcal strains was analyzed using the crystal vio-
let attachment assay (62). A pellet of overnight pneumococcal cultures grown in THY medium in a 12-well
plate was resuspended in fresh 2 ml THY. The culture was then serially diluted to obtain an OD600 of 0.05 to
0.1. After overnight growth, the excess medium was carefully aspirated, and biofilms were washed with
200 ml PBS three times to remove weak or nonadherent bacteria. Attached cells were stained with 50 ml of
0.1% (wt/vol) crystal violet for 15 min, excess stain was discarded, and the biofilms were washed with dis-
tilled water three times. Subsequently, biofilm was dissolved in 200 ml of 95% (vol/vol) ethanol, and the ab-
sorbance was measured at 595 nm. The amount of biofilm formed was expressed per 108 CFU.

Determination of cell size. Pneumococcal strains were grown overnight in CDM supplemented with
55 mM glucose. Bacterial suspensions were Gram stained as previously described (62). Pneumococcal cell
size was measured lengthwise using a Prior microscope equipped with a digital camera (Infinity) and
image analysis software (Infinity). For each assay, at least 50 cells were analyzed.

Enzyme assays. Glutamate dehydrogenase activity was determined using a commercial kit
(Biovision, USA). Briefly, pneumococcal cultures grown at different temperatures in CDM were pelleted
and sonicated in ice-cold PBS (pH 7.0). The samples, 50 ml/well, were then mixed with 100 ml of reaction
mixture (82 ml assay buffer, 8 ml GDH developer, and 10 ml glutamate [2 M]) and incubated for 3 min at
37°C, and the absorbance was recorded at 450 nm. The plate was incubated for 2 h, and then absorb-
ance was remeasured. The level of Gdh activity in the sample was measured by reference to a NADH
standard curve generated with the known concentrations of NADH. One unit of activity is defined as the
amount of enzyme to generate 1mmol of NADH per min at pH 7.6.

b-Galactosidase activity was measured as described before (43), using cells grown anaerobically in
CDM supplemented with 55 mM glucose at different temperatures and then harvested in the mid-expo-
nential phase of growth. Miller units of reporter strains were normalized for 108 CFU.

pH survival assay. Pneumococcal suspensions (20 ml) in PBS (pH 7.0), obtained from cultures incu-
bated at 34°C, 37°C, or 40°C, containing 1 � 108 CFU/ml were incubated in sodium citrate or sodium
phosphate buffers covering a pH range of 5.0 to 8.0 for 30, 60, 90, and 120 min in 96-well plates incu-
bated at different temperatures. The CFU/ml was calculated by plating the bacterial suspension.

Fermentation end product analysis. Pneumococcal cultures (2 ml) grown to mid-exponential
phase in CDM supplemented with 55 mM glucose at different temperatures were centrifuged, and the
supernatant was collected. The concentrations of L-lactic acid, formic acid, and acetic acid in the super-
natant were measured using commercial kits (Megazyme, Ireland), and the amount of end products are
given for 108 CFU.

Electrophoretic mobility shift assay. FAM-labeled DNA amplicon comprising the putative pro-
moter region of gdhA was amplified using gdhA-EMSA-F and gdhA-EMSA-R primers (Table S2). The bind-
ing reaction contained 30 ng DNA probe, increasing amounts of purified recombinant CcpA (0 to 1 mM)
in binding buffer (20 mM Tris-HCl, pH 7.5, 30 mM KCl, 1 mM dithiothreitol [DTT], 1 mM EDTA, pH 8.0,
and 10% [vol/vol] glycerol), and the reaction mixture was incubated for 30 min at room temperature.
Then, the mixture was loaded to nondenaturing PAGE (8% [vol/vol]) for 45 min at 200 V. The gel was
visualized at 488 nm using a Typhoon Trio1 scanner (GE Healthcare Life Sciences, UK) blue laser. The
expression and purification of CcpA were described previously (43).

Galleria mellonella model of pneumococcal infection. Larvae were acquired from Livefood, UK,
and those weighing 25 to 30 mg with white, milky appearance were used for infection. We administered
5 � 105 CFU pneumococci prepared in 10 ml of PBS to the second proleg of the larvae. For each strain at
each temperature, 10 larvae were injected. In addition, a control group of larvae was injected with 10 ml
of PBS. Infected larvae were incubated at the respective growth temperature, and the survival time was
recorded.

Statistical analysis. GraphPad Prism version 8 (GraphPad, CA, USA) was used for data analysis. The
experimental results were described as mean6 standard error of the mean (SEM). One- or two-way anal-
ysis of variance (ANOVA) followed by Tukey multiple-comparison test was used to compare the groups.
A P value of,0.05 was regarded as statistically significant.

Data availability. Microarray data have been submitted to the GEO (Gene Expression Omnibus)
database under the accession number GSE154888.
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